The structural transition of nanosize Gd 2 O 3 is studied using high pressure energy dispersive x-ray diffraction and high pressure photoluminescence. The original structure of the nanosized sample shows a mixture of cubic and monoclinic structure. Our results show that the cubic and most of the monoclinic structure turns into hexagonal structure above 10.35 GPa. But a small proportion of monoclinic structure can be present up to the highest pressure, 36.2 GPa. When the pressure is released, the hexagonal structure partly reverts to monoclinic structure, so the sample shows a mixture of hexagonal and monoclinic structure. The structural transition from monoclinic to hexagonal structure is reversible.
Gd 2 O 3 is a versatile material with high application potential in various fields of technology. It is of interest as protective and corrosion resistive coatings [1, 2] due to thermal stability and refractory properties [3, 4] . The high refractive index [5] of Gd 2 O 3 makes it a useful material in optics, e.g. in antireflection coatings [6] . Gadolinium oxide presents good luminescence properties when doped with rare-earth ions (Eu 3+ , Tb 3+ ) [7] [8] [9] . Gadolinium oxide optical thin films for ultraviolet and deep ultraviolet lasing [10] and europium-doped Gd 2 O 3 waveguiding for x-ray imaging systems [11, 12] have recently been reported. In addition, Gd 2 O 3 can effectively passivate the GaAs surface [13] . Crystalline Gd 2 O 3 exists in cubic, monoclinic, and hexagonal phases. Most of the applications of Gd 2 O 3 are based on the cubic structure. But monoclinic [14] and hexagonal structure [15] can form in the process of the fabrications. So it is important to study the stability of cubic, monoclinic and hexagonal structure. In this paper, high pressure structural transitions of nanosized Gd 2 O 3 are studied using high pressure XRD and PL.
Our experimental procedures were as follows. We prepared the Gd(NO 3 ) 3 solution by mixing 0.3625 g Gd 2 O 3 (99.999%) and 0.0035 g Eu 2 O 3 (99.999%) with 50 ml distilled water and adding an appropriate amount of HNO 3 to the mixture with suitable stirring to form a clear solution. The solution was diluted to 100 ml by adding more distilled water. Then 3.3 g of CTAB was subsequently added at 337 K. After the clear solution cooled down to room temperature, an additional 10 ml of NaOH solution (0.006 M) was added into the solution. After stirring for about 30 min, white precipitations, i.e., Gd(OH) 3 , were separated out by centrifugation. They were washed with hot distilled water and were separated out by centrifugation again. The precipitations are dried in air. Then they are heated to 1073 K and last for 2 h. Unlike bulk Gd 2 O 3 :Eu, which has a stable cubic structure when the temperature is below 1573 K, the nanosized Gd 2 O 3 :Eu (about 30 nm) is a mixture of cubic and monoclinic structures in roughly equivalent quantities after the heat treatment at 1073 K [16] .
Energy dispersive x-ray diffraction patterns were recorded on Line 3W1A of the Institute of High Energy Physics, CAS, in Beijing. The system was described in detail elsewhere [17] . In our experiment, the diamond anvil cell (DAC) equipment was used to investigate the behavior of Gd 2 O 3 under high pressure. The diameter of the anvil culet is 500 μm, the gasket is T301 stainless steel which was pressurized to 10 GPa in advance, and the sample cavity is a ∅200 μm hole. The x-ray spot size is 80 μm across. Ruby works as the pressure marker. The space distance d and energy peak E obey the energy dispersive formula:
θ in the formula represents the Bragg angle. And in our research, θ = 8.27
• . The high pressure behavior of the mixture composed of nanosized cubic and monoclinic Gd 2 O 3 is studied. The high pressure XRD spectrum of the mixture is shown in figures 1(a) and (b). At ambient pressure, the diffraction peaks can be identified as those of a cubic structure with the lattice constant of 10.81Å and a monoclinic structure with a = 14.09Å, b = 3.576Å, c = 8.769Å, β = 100.08. According to the XRD results for the sample which was presented in the reference [16] , two peaks of monoclinic structure are marked at the bottom of graph and the peaks of cubic structure are marked with letter c. When the pressure increases to 7.73 GPa, the intensity of the diffraction peaks attributable to cubic structure is about zero and at the same time the intensity of the diffraction peaks attributable to monoclinic structure decreases rapidly. The three strong peaks present can be identified as relating to 002, 102 and 110 for the hexagonal structure. The data at the pressures above 11.59 GPa are shown in table 1. We can see that the peaks agree well with the hexagonal structure. This indicates that the hexagonal structure is a stable phase at pressure above 11.59 GPa. At 32.35 GPa, which is the highest pressure in this experiment, the (101) peak at 32.2 keV shows an asymmetric shape. Its shoulder covers 28-32 keV which is in the range of peaks attributable to monoclinic structure. We think that a small amount of monoclinic structure may exist at 32.35 GPa. When the pressure is released, the peaks for hexagonal structure are still present and the shoulder of the peak at 32.2 keV becomes very clear. This indicates that when the pressure is released, hexagonal structure partly reverts to monoclinic structure. The released sample shows a mixture of hexagonal and monoclinic structure.
To confirm the structural transition from monoclinic to hexagonal, the PL behavior of the mixture composed of cubic and monoclinic structures under high pressure is also studied. Figure 2 is the high pressure PL spectrum of cubic and monoclinic Gd 2 O 3 :Eu nanoparticles under the excitation of 488 nm with ruby as the pressure marker. At 3.3 GPa pressure, it shows characteristic 4f-4f emissions of Eu 3+ in cubic and monoclinic Gd 2 O 3 . The strong peak at 610 nm is from the 5D 0 → 7F 2 transition of Eu 3+ in a cubic host and the peaks at 613.67 and 620.56 nm are from the 5D 0 → 7F 2 transition of Eu 3+ in a monoclinic host. Below 13.5 GPa, the intensities of the peaks at 610, 614 and 623 nm decrease simultaneously with the increase of the pressure. At 13.5 GPa, the intensity of the peak at 610 nm is almost zero while peaks at 614.57 and 621.95 nm are still present. This indicates that the cubic structure has completely turned into hexagonal structure but a small amount of monoclinic structure has not yet turned into hexagonal structure. At the same time, an asymmetric peak at 630 nm increases in intensity. Comparing with the result from the high pressure XRD, we consider this emission peak to be from Eu 3+ in a hexagonal host. During the course of releasing pressure, the peaks for monoclinic structure are present again. When the pressure is released, two peaks at 613.38 and 620.16 nm can be seen clearly. This shows that some hexagonal structure has reverted to monoclinic structure. After compression at high pressure, the sample became a mixture of monoclinic and hexagonal structure. This is consistent with the result from the high pressure XRD spectrum of the mixture of nanosized cubic and monoclinic Gd 2 O 3 . In conclusion, the structural transition of nanosized Gd 2 O 3 was studied using high pressure energy dispersive XRD and PL. The original structure of the sample is a mixture of cubic and monoclinic. Our results show that the cubic and most of the monoclinic structure turns into hexagonal structure above 10.35 GPa. The hexagonal form is a stable phase above 10.35 GPa, but a small proportion of monoclinic structure can be present up to the highest pressure, 36.2 GPa. When the pressure is released, a proportion of the hexagonal structure can revert to monoclinic structure, so the sample shows a mixture of hexagonal and monoclinic structure. The structural transition from monoclinic to hexagonal is reversible. The result of the structural transition of Gd 2 O 3 may be helpful for revealing why monoclinic Gd 2 O 3 formed in the process of fabricating cubic Gd 2 O 3 , in particular for the nanosized sample, in which the surface tension may produce an additional pressure on the crystallites during the fabrication process, including a heat treatment, which is accompanied with a large alteration of the surface tension. So, for improving properties based on Gd 2 O 3 it is important to consider the tendency of turning into hexagonal structure and the possibility of monoclinic and hexagonal structures forming in the process of fabrication.
